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The Importance of Polymorphism Dependent Aggregation
Induced Enhanced Emission of the Acrylonitrile Derivative:

Helical J Type and Antiparallel H Type Stacking Modes
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Giinseli Turgut Cin®

In this study to analyze the structure-property relationship of
synthesized m-conjugated acrylonitrile derivative in terms of
polymorphism dependent emission and conformational poly-
morphism, single crystal x-ray diffraction method, photophys-
ical and theoretical studies were performed. The fluorescent
molecule with two polymorphic structure were presented to
demonstrate the effect of the molecular conformation and
stacking type on the polymorphism dependent emission in
aggregate state. According to results of crystallography and
photophysical studies, both form of the molecule displayed
aggregation induced enhanced emission (AIEE) property in the
solid phase due to the restricted intramolecular rotation (RIR)

Introduction

Examination of the molecular structure to determine the
properties of the organic optoelectronic materials which is
often obtained by using m-conjugated molecules plays an
important role in the design of new materials with desired
properties.™ The design and synthesis of them have great
attention due to having possible applications in organic
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and favourable stacking interactions including the antiparallel
H type, J type stacking modes and intramolecular charge
transfer (ICT) process. As a result, J type and antiparallel H type
stacking mode with the restricted intramolecular rotation make
the crystals higly emissive in solid phase. We believe that,
studied two polymorphs will be best candidates for the -
conjugated acrylonitrile derivatives in the optoelectronic field.
Moreover, this study will provide an overview of the impor-
tance of conformational polymorphism, stacking type on
fluorescence properties of the polymorphic structures and
propose new ways for targeted polymorphic molecular design
strategies in acrylonitrile derivatives.

electroluminescent devices organic light-emitting diodes,
(OLEDs), organic thin-film transistors (OTFTs), light-emitting
cells (LEC) and organic photovoltaic diodes (OPVDs).”'”
Interest in organic m-conjugated molecules for optoelectronic
applications has increased efforts to figure out the relationship
between the charge transport properties and the crystal
structure of these molecules therefore structure-property
relationship of them.'"™ The charge transport properties in
small organic molecules is strongly depends on the intermo-
lecular stacking interactions which are defined by m-orbital
overleap between the ring systems. Therefore, even the small-
est change in molecular packing mode of the molecules affects
their & stacking interactions especially stacking type (H type, J
type, T type and herringbone) or m-orbital overlap which can
cause changes in charge transport properties of the
molecules."”™ One of the ways to analyze the effect of
different packing modes on optoelectronic charge transport
related to photoluminesans behavior of the molecules or
device performance is to create polymorphic crystal structures
that they enable a unusual opportunity to carried out the
structure property relationship."®*2" Therefore, different poly-
morphs often have distinct physical properties such as the
crystal habits, melting point, solubility, electronic, optical and
mechanical properties. The most general definition of poly-
morphism process is to discovered the multiple crystalline
packing states of the same molecule under the different
conditions including growth process or subsequent treatment
by variations in different physical parameters such as temper-
ature, solvent effects, grinding and sublimation and it has
significant results in material science.”??* The formation of
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different crystal structure of the same molecule with the
grinding and sublimation process recognized by differences in
the colour and shape of crystals that this situation is termed
the conformational polymorphism occasionally contains exis-
tence of more than one conformer in the asymmetric unit of
same crystal structure (Z).*>* However, when the difference
between the polymorphic structure arise from various crystal
packing arrangements, it is termed as packing
polymorphism.”” The both polymorphism type (conformational
and packing polymorphism) could be seen at the same time as
in our study. Polymorphism provides an excellent platform for
examining the fundamental relationship between photolumi-
nesans structure-property relationship therefore optoelectronic
device performance because of the undisputed crystallographic
data and obtainable emission characteristics.”*>¥ Our work in
this paper provide an overview of the conformational and
packing poylmorphism in organic small molecules to inves-
tigate the structure-property relationship based on the photo-
luminesans behavior of the polymorphs in the optoelectronic
field.

The most popular method to reveal the structure-property
relationship of polymorphic structures is the single crystal x-ray
diffraction method (SCXRD). SCXRD has the great advantage of
providing detailed 3D structural information on the molecular
geometry and controlling the packing modes of the molecules
in the crystal. In addition, it provide detailed information about
structural role of solvent molecules through the noncovalent
interactions such as, intra and intermolecular hydrogen bond-
ing, stacking interactions, C-halogen interactions and short
interactions with the smaller distance than van der waals radius
between the atoms in the molecule. The polymorphic existence
of the studied molecule may depend on noncovalent inter-
actions including intra and intermolecular interactions which
are affected by crystallization conditions.***”) Therefore, under-
standing of noncovalent interactions in the polymorphic crystal
structures has an important place to analyze structural differ-
ences and packing modes between them and their charge
transport and photoluminesans behavior in solid phase.***"
The performance of organic molecule based devices strongly is
related to the molecular-assembly structures which are created
by interactions of whole molecule in the aggeragate state
rather than by individual molecule. It is necessary to elucidate
the relationship between molecular packing characteristics
formed by noncovalent interactions and optoelectronic proper-
ties to meet demands about the new molecular organic
functional materials."**™*

The packing modes of the conjugated organic small
molecules can be created by stacking interactions and short
interactions between the atoms in the molecule, coulomb
interactions, and van-der-Waals forces."®*” Especially, the
packing modes formed by intermolecular stacking interactions
play a crucial role in the charge transport of the molecules
therefore photoluminescent structure-property
relationship.”*>" Five stacking geometries are observed be-
tween the two aromatic rings as cofacial (face to face or H
stacking type), slipped stacking mode (displaced or J stacking
type), herringbone (edge to face), helical stacking type and T
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type stacking which are seen in the form of the parallel or
antiparallel depending on the 3D molecular geometries of
them. These stacking types are determined by the calculation
method developed by Curtis et all from the single crystal x-ray
data and depend on the value of perpendicular distance (d),
slippage angle (, pitch and roll angles (P and R, respectively)
and pitch and roll distance (d, and dg, respectively) between
the adjacent rings.®" According to reported results, the
herringbone and slipped stacking modes enhance the charge
transport between the adjacent molecules that it result in high
mobilities and high photoluminescence intensity.®**¥ Although
face to face stacking interactions is formed through more
overlap between the rings which is benefical for the charge
transfor process of PL behavior, parallel H stacking type has a
detrimental effect on the device performance of the molecule
while antiparallel H type stacking mode provide strong emision
intensity in the photoluminescence or charge transfer mobility
due to both electrostatic potentials on the lateral periphery of
the molecules including donor and acceptor groups.

Besides the intermolecular interactions, since the intra-
molecular stackings, nonclassical hydrogen bonds, short inter-
actions, C-halogen- -7 interaction contribute to molecular
rigidity which lead to Restricted Intramolecular Rotation (RIR)
process, they have an important place in the analysis of
luminescent structure property relationship of the small
organic molecules.”*** Restricted intramolecular rotation proc-
ess contains restriction of intramolecular rotations and intra-
molecular vibrations which are beneficial for the molecule to
exhibit very strong luminescence behavior in solid phase. It is
worth mentioning that although most -conjugated organic
molecules have strong emission in solution phase but in the
solid state because of aggregation induced quenching (AlQ),
some molecules of same type are nonemissive in solution but
highly emissive in solid phase which is termed aggregation
induced emission (AIE) and can be attributed to restricted
intramolecular rotation.*®*” To avoid undesirable effect of the
AIQ, AIE molecules have attracted increasing attention in recent
years. Restricted intramolecular motion constrains the intra-
molecular rotation of adjacent molecules in solid phase and
enable the structural rigidification of molecules which prevents
radiationless channels, directing relaxation of excitons through
radiative channels and therefore it makes the molecule higly
emissive in aggregate state or solid phase. These intramolecular
rotations or vibrations in solution cause to radiationless
situation in the excited state and result in nonemissive or weak
emissive of the molecule in solution. In this study, poly-
morphism dependent enhanced emission in molecular aggre-
gates based on aggregation induced enhanced emission was
investigated in solid phase due to different molecular con-
fomations and packing strucructures of the polymorphic
molecules.®s%”

Here in, we have designed and synthesized a class (E)-2-(3-
chlorophenyl)-3-(4-methoxyphenyl)acrylonitrile molecule. This
molecule is a class of D-m-A fluorescent compounds where
electron acceptors and electron donors were incorporated into
the terminal side of the molecule that this method is widely
used in the optoelectronic field. The synthesized molecule
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demonstrated different two conformation and packing arrange-
ments in the their crystal structures due to the solvent induced
polymorphism and free rotation possible around the C—C
bonds nearly in the middle of the molecules that this situation
resulted in different noncovalent intra and intermolecular
interactions. Therefore the conformational polymorphism
which have significant effect on the photoluminescence
behavior of the molecule in solution and solid phase was
observed in the present study. It is shown that these molecules
showed polymorphism dependent fluorescence based on
aggregation induced enhanced emission which was cerated
through restricted intramolecular rotation process (RIR) by
using the data of the single crystal x-ray structure and
photophysical studies. Different fluorescence emission of the
two polymorphic molecules are ascribed to the different mt-nt
stackings between adjacent rings and their conformations. In
addition, beside the photophysical and single crystal x-ray
crystallographic studies to further obtain molecular character-
ization of two polymorps, spectroscopic studies (FTIR, 'H-NMR,
3C-NMR and Raman Spectroscopy), Cyclic Voltogram measure-
ments, Termogravimetric Analysis (TGA) were investigated. We
hope that, this work provide a practical way to analyze and
interpret the luminescent structure-property relationships in
polymorphic molecules and polymorphism dependent aggre-
gation induced emission process. Moreover, the obtained
results provide in the design of luminescent polymorphs which
can enhance significantly contribution to the optoelectronic
field.

Result and Discussion
Crystallographic Results

High quality single crystals were used to perform X-ray single-
crystal structure analysis. (E)-2-(3-chlorophenyl)-3-(4-meth-
oxyphenyl)acrylonitrile (1) molecule has two polymorphisms of
form | and form Il which demonstrate different aggregate states
as antiparallel H type and J type, respectively. The single-crystal
X-ray structure of the studied molecule showed that the
compound is composed of chlorophenyl (acceptor side) and

methoxyphenyl (donor site) rings at terminal region of the
molecule which are connected to cyano grup (C) located at the
nearly molecule center. The crystallographic data and ortep
viewing for both forms of the molecule are given in Table S2
and Figure 1, respectively. All the geometrical parameters of
both forms are good aggreement with similar reported
structures.”™*¥ The differences between the polymorphic forms
can be seen from the cell parameters that the crystal structures
of the form I and I are determined by the space group Cc (Z=
4) with one of the independent molecules in the asymmetric
unit and P21/c (Z=2) with the two independent molecules in
the asymmetric unit, respectively. According to Table S1, the
cell volume of form I is larger than form Il under the premise
that there exist the different number molecules in two different
unit cells.

Description of Form |

The single crystal structure of the polymorphic form I obtained
in acetonitrile is perfectly planar with angles of 1.9 (3) °
between the methoxyphenyl (C4/C9) and chlorophenyl rings
(C11/C16). In addition, methoxyphenyl and chlorophenyl rings
make the angle of 1.2(2) and 2.9(2) with the molecule plane,
respectively. The value of the dihedral angle of C4-C3—C2—C11
is 17893 (2) which states the m-conjugated part of the
molecule is seen to be highly planar.

Description of Form Il

The single crystal structure of polymorphic form Il obtained in
ethanol shows two identical independent molecules in asym-
metric unit. These two molecules are connect to each other
through C2---C19 and C3- - -C18 short interactions. Unlike Form
I, this polymorphic structure has higly twisted conformation
with the dihedral angle of 57.5 (4) between the methoxyphenyl
(C4/C9) and chlorophenyl (C11/C16) rings. In addition, since the
molecule tends to rotate around the C—C bonds (C3—C4,
C2—C11, C27—C18, C19—C20) diheral angle between the C27/
C32 and C20/C25 rings is 41.2(4). All rings in the form Il are not
parallel to molecule plane depending on the avarege dihedral

Form |

Form Il

Figure 1. Single crystal x-ray diffraction ORTEP view of the polymorhic structures with the 50% probability.
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angle of 60. The value of torsion angle of C27—C18—C19—C20,
C4—C3—C2—C11 are 137.32 and —89.44, respectively that these
result verify existing of nonplanar m-conjugated part of the
molecule. The cyano groups on each independent molecule
are directed at a different angle which are 178.413 and 177.99
for the up and down molecules, respectively. These large
difference in molecular conformation with respect to the form |
arises from different crystallization condition which depends on
solvent and it results in different supramolecular structure and
packing modes. Ethanol solvent demonstrated the important
role in the crystallisation process of the main molecule. At the
molecular level, because of interaction between the ethanol
and solute cluster, the short interactions (CC) were occurred
between the monomer molecule that this phenomena affected
the birth of different polymorphic forms and created the form II
with dimeric structure.

Definition of Two Crystalline Packing Polymorphism and
Their Relationship to Photoluminescence Behavior Based on
Aggregation Induced Enhanced Emission Process (AIEE)

To obtain profound overview into the interesting luminescent
behavior of form | and form Il in the aggregate state, the
relationship between the packing polymorphism and photo-
physical results was examined. The packing polymorphism of
the two crystal forms depend on molecular conformation
which shows large discrepancy between the two polymorphic

forms and noncovalent interactions including nonclassical
hydrogen bonds, stacking interactions and C.--H interactions.
The single crystal structure of form I contains intra-intermolec-
ular nonclassical hydrogen bonds which are C9—H9--- N1 and
C12—H12.-- N1, respectively and intermolecular strong stack-
ing interactions while form Il has intra-intermolecular stacking
interactions and Cg---Cl1 (Cg3:C11/C16) interactions. In addi-
tion form Il include strong N1---H9 and H25 intermolecular
short interactions in which the bond lengths are shorter than
vander waals radius between the N and H atoms (2.75)
Figure 2.

D-z - --A type conjugated molecules usually show unusual
fluorescence behavior due to their intramolecular charge
transfer (ICT) transitions which contribute to aggregation
induced emission in solid phase. In addition, aggregation
induced enhanced emission (AIEE) is frequently ascribed to
restricted intramolecular rotation (RIR), structural planarity,
twisting structure and stacking types (from H type to
herringbone type). Variation of the solid state luminescence
color is less affordable than in solution due to the difficulty in
obtaining different stable phases in the aggregated state with
varied molecular conformations. This goal can be reached
either by obtaining a compound crystallizing in different
polymorphs. The molecular packing mode is sensitive o the
external conditions such as solvent and temperature, allowing
the possibility to form polymorphism which has a significant
effect in optoelectronic field. In this study to obtain the

Dimeric Structure

Form |

(001)

Form i

(111)

Figure 2. 1D supramolecular dimeric structure of the polymorphic forms with the nonclassical intermolecular hydrogen bonds along the (007) plane.
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Antiparallel H Type & --- & stacking mode
Form |

Figure 3. The strong intermolecular anti parallel H type stacking interactions of the form | with the 3.834 between the stacking rings along the (007) and (070)

planes.

polymorphism dependent aggregation induced emission proc-
ess, we studied the effects of moelcular conformation on the
aggregate packing which strongly affects to fluorescence
behavior of the molecule in the solid state.

The intra and intermolecular nonclassical hydrogen bonds
in form | resulted in restricted intramolecular rotation between
the rings that the dimeric structure is created by these
interactions whereas the strong short interactions lead to RIR
proces and form the dimeric structure in the form Il. Restricted
intramolecular rotation (RIR) is one of the important concept to
determine the aggregation induced emission since the radia-
tionless decay is prevented through the this process.

Another important key for the AIEE process is the packing
arrangement of the molecules. In this study, two polymorphic
structures of the molecule demonstrated different molecular
packings which were created by stacking interactions, non-
classical hydrogen bonds, short interactions and C interactions
due to the conformational polymorphism. It is worth mention-
ing that stacking mode has a decisive effect on the photo-
luminesance behavior in solid phase. Therefore the form |
molecule demonstrated 1D supramolecular structure (Cgl
-..Cg2 with the 3.873 A perpendicular distance) (Figure 3 and
4, Table 1) created by antiparallel H type stacking mode while
the form Il molecule has 1D supramolecular cage and 3D helical
supramolecular structure cerated by J type stacking interac-
tions (Cg3---Cg2, Cg2---Cg5 and Cg5---Cg5 with the 4.396,
4.193 and 4.682 perpendicular distances, respectively. (Figure 5
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and 6, Table 1).**7" In addition, Cg- - -Cl1(Cg3:C11/C16) inter-
actions helps to crystal stabilization of the form Il molecule and
enable contribution to AIEE process through the restricted
intramolecular rotation (Figure 7).

When the planarity of m-conjugated materials is increased,
the great overlap between m-orbitals of neighbouring mole-
cules occurs that this phenomena results in delocalization of
the polarons/excitons and leads to reduction in the energy
band gap for charge transport, thereby increasing charge
carrier mobilities. Although the H stacking type among the all
stacking types provide more overlap between the adjacent
molecules, the antiparallel H stacking type is benefical for the
enhancing PL intensity therefore charge carrier and device
performance. In particular, benefitting from both the opposite
electrostatic potentials on the terminal sides of the molecule,
the form | crystallized in an antiparallel cofacial stacking mode
with tiny displacements and result in increasing photolumine-
sans intensity in solid phase compared with the that of solution
phase (nearly 4 times).

Both forms of the molecule displayed aggregation induced
enhanced emission (AIEE) property in the solid phase due to
the restricted intramolecular rotation (RIR) and favourable
stacking interactions including the antiparallel H type and J type
stacking modes and intramolecular charge transfer (ICT)
process. Therefore, we show that polymorhism dependent
aggregation induced enhanced emission in solid state for both
forms and the effect of the molecular conformation arised from

© 2021 Wiley-VCH GmbH
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Antiparallel H Type & --- w stacking mode
Form |

(101)

(111)

Figure 4. The strong H type intermolecular stacking interactions of the form | with the intra and intermolecular nonclassical hydrogen bonds along the (707)

and (7117) planes.

Table 1. Intermolecular stacking geometries of the polymorphic structures.

Form |

Stacking parameters Cg1---Cg2
Pitch angle (P:°) 2.4(3)

Roll angle (R*) 24.7

Pitch distance(d,:A 0.16

Roll distance ( dR:h 1.78
Slipping angle (B) 26.0
Interplanar distance (d) 3.873(4)

Symmetry code —1/24+x1/2-y,-1/2+z

Cg1---Cg2

2.4(3)

211

0.16

1.47

233

3.834(4)
1/24+x1/2-y1/2+z

Form Il

Stacking parameters Cg5---Cg2
Pitch angle (P:°) 9.5(4)

Roll angle (R*) 34.1(4)
Pitch distance(dpzfq 0.70(2)

Roll distance ( dR:fQ 2.84(2)
Slipping angle (B) 27.1
Interplanar distance (d) 4.193
Symmetry code x1-y,1/2+z

Cg5---Cg5 Cg3---Cg3
42.5(4) 42.1

9.1(4) 7.3

4.29 3.97

0.74 0.56

425 42.1

4.682 4.396
2-x,y,3/2-z 1-xy,1/2-z

polymorphism on the photoluminescence behavior of the
polymorphs. When we compare photoluminescence intensity
of the form Il with the form I, it is observed that the form I
demonstrated higher photoluminescence intensity than that of
form 1 in solid phase (nearly 2.72 times for form | and 35.7 times
for form Il). The enhanced fluorescence intensity in solid phase

ChemistrySelect 2021, 6, 11392-11406 Wiley Online Library
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is strongly related to charge transport rate of the molecules as
well as stacking interactions modes. The stacking interactions
create charge pathway channels between the neighbouring
molecules, which strongly depends on the electronic coupling
of the molecules. Electronic coupling closely related to the
overlap of HOMO and LUMO between two adjacent molecules.
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Form Il
Supramolecular cage with the J type stacking mode Helical Supramolecular structure with the J type stacking modes

(001) (111)

Figure 5. The supramolecular cage and helical formation of form Il with the J type intermolecular stacking interactions having the 4.39 perpendicular distance
between the Cg3- - -Cg3 rings along the (007) and (177) planes, respectively.

J Type Stacking modes
Form Il

(010) (101)
Figure 6. The J type stacking modes of the form Il with the strong intermolecular stacking interactions with the 4. 192 perpendicular distance between the C5

and C2 rings along the (070) and (707) planes, respectively

In addition, the charge transport rate or luminescence can be  charge pathway channels and electronic coupling were created
affected with other interactions such as, C—H, C-halogen, van-  along the C—Cl direction which result in parallel displaced (J
der-Waals forces, e.t.c.”" In the light of the this concept, the  type stacking mode) in the packing arrangement of the form II.
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C — Cl---winteractions Although the stacking interaction of the form Il is weaker than
Form Il that of form I, the strong C—Cl interactions with the short

centroid distances contribute to enhanced luminescence in
solid phase with the favourable stacking type (J type). As a
result, the main reason of fluorescence intensity difference
between the two forms is short interactions, twisting structure
and J type stacking mode of form Il which gives high
fluorescence emission in solid phase. Therefore, since the
phenyl rings of the form Il have steric hindrance, undesirable
face to to face m---m stacking interactions (parallel H type
stacking mode) were prevented that this would inevitably have
detrimental effect for the fluorescence efficiency. In the form |,
due to the perfect planarity, strong restricted intramolecular
rotation via nonclassical hydrogen bonds and the antiparallel H
type stacking mode enable to enhanced fluorescence intensity
in aggregate phase. As a result, thanks to J type and antiparallel
H type stacking mode which are the favourable stacking types
in optoelectronic field with the restricted intramolecular
rotation, both forms showed agregation induced enhanced
emission in the solid state.

Photophysical Results

The optical characterization of the compounds form | and form
Il'in solution (2x 107> M) and solid phases were investigated by
photoluminescence (PL) and UV-Vis absorption (UV) spectra.
The UV-Vis absorption spectra are shown in Figure 8 and the
photophysical data are summarized in Table 2.7 PL properties
of form | and form Il under excitation of 349 nm at room
temperature were recorded 350-900 nm as depicted in Fig-
ure 9.

According to the photoluminescence spectra, form | exhib-
its cyan-blue emission at 468 nm (in solid-state) and 503 nm (in

Figure 7. The intermolecular C—Cl - - - 7t interactions of Form Il (C29)

e Form |-solid s Form ll-solid

== Form |-CH3CN e Form II-EtOH
o
3 o
c c
] ©
o a
e [
] ]
@ @
a a
< <

250 300 350 400 450 500 550 600 250 300 350 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 8. The UV-vis absorption spectra of (a) form I in CH;CN and solid-phase and (b) form Il in EtOH and solid-phase.

Table 2. The photophysical properties of form | and form Il at different phases.

Ligand Nabs(NM)?< Aabs(NM)® Aemis(NM)?< Aemis(NM)® Stokes Shift** Stokes Shift®
Form | 378 307 503 468 124 161
Form I 375 314 535 501 158 187

°In CH,CN solution (2x 107 M). °In solid-state. ‘In EtOH solution (2x107° M).

ChemistrySelect 2021, 6, 11392-11406 Wiley Online Library 11399 © 2021 Wiley-VCH GmbH



Chemistry

Full Papers Europe
. . E Chemical
ChemistrySelect doi.org/10.1002/slct.202102018 Societies Publshing
(a) (b)

'] ]

2.2x10. —Form |-CHSCN L cxt0 1.4x10° Form "_EtoHI-SMO

2,0x10 —Form I-Solid = — Form lI-Solid .
—~ 1,8x10* Sxi0” 2 ; b ax10® _
3 &~ 12x10 5
G 1ex10’] Lo @, 3 )

- 3 L s
2 0] & = R
@ 1,2x10'4 paac's 2 <
= b 2 10%
@ o R o
B t2x10' = § 8.0x10° =
= 8,0x10'4 = =

) L 1x10* - HIx
6,0x10 6,0}!10!
400 500 600 700 aoo 300 ’ . = - - ]
400 500 600 700 800 900

Wavelength (nm)

(c)

0,6

0,8
CIE X

Wavelength (nm)
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CIE X
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Figure 9. PL spectra for all samples at room temperature (a) Form I in CH;CN and solid-phase and (b) Form Il in EtOH and solid-phase (inset: The upper-left
photo is a photoluminescent image) The emission spectra were excited at 349 nm. Color coordinates in the CIE chromaticity diagrams of (c) form | and (d) form

l.

solution state), while Form Il shows green emission at 501 nm
(solid-state) and 535 nm (in solution state) (Figure 9a and 9b).
Also, the maximum emission wavelength of form Il shows a
significant red shift compared to that of Form 17 This red
shifted could arise from strong C and stacking interaction in
the Form Il. Furthermore, photoluminescence emissions at
room temperatures suggest that although both forms of the
molecule have aggregation induced enhanced emission (AIEE)
in solid phase, there is little PL emission gains (about 2.72
times) for form | crystal phase, however, for form Il crystal
phase, large emission enhancement (about 35.7 times) resulted
that are compared to their solution phase. This discrepancy can
be explanied by the stacking types of the forms since the
photoluminecence behavior strongly depends on the molec-
ular arrangements of the both forms. As a result, J type stacking
interactions make the molecule higly fluorescent.

The Commission Internationale de I'Eclairage (CIE) color
coordinates determined for A (form | in solid), B (Form I in
CH5CN) and C (Form Il in solid) and D (Form Il in EtOH) (0.32,
0.39), (0.21, 0.37) and (0.27, 0.33) and (0.21, 0.27) respectively
(Figure 9c and 9d). This undoubtedly illustrates that form | and
form Il polymorphs emit almost white light. (0.33, 0.33).'
Figure 8 illustrates the UV-Vis absorption spectra of form | and
form Il in solution (2x107> M) and solid state. Form I and Ii
exhibit similar behavior. The solid-state and solution state
absorption bands of Form | were observed at around 307 and
378 nm, respectively. As for form I, its absorption bands

ChemistrySelect 2021, 6, 11392-11406 Wiley Online Library
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centered at around 314 nm (solid-state) and 375 nm (solution-
state). These bands could be attributable to the =n- =t*
transition.””

In the background of the above results, we suggest that
form | represents H-aggregation, while form Il has J-aggregation
which can be accredited to two main factors: (i) It is observed
that the emission wavelength of form Il was significantly red-
shifted with 150-180 nm and (ii) form Il (solid phase) photo-
luminescence intensity enhances a notable has increased that
it is almost near 25 times that of form I.

The total integrated intensities as a function of excitation
power density are shown in Figure 10 of all solid samples. As
seen from Figure 10 total integrated intensity increases with
the increase of excitation power density. Further, to under-
stand the nature of the from lower energy peaks to higher
energy peaks, we performed excitation power-dependent PL
measurements as shown in Figure 10. The main peaks in the
higher energy region shift to lower energy with increasing laser
power density. At high excitation power density (above the
0.53 Watt/cm?) is expected to contribute to the red-shifted
main peak position.”®

The transmittance (T) spectra of the form | in CH;CN and
solid-phase are shown in Figure 11a. As seen in Figure 11a, the
transmittance values of the form | in CH;CN and solid-phase
change drastically with changing wavelength. In particular,
peak transmittance peaks are observed at wavelengths of
about 485 nm. Also, there are significant differences between
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Figure 10. The total integrated intensity versus excitation power density in solid-phase (a) Form I and (c) Form II. Logarithmic plots of the normalized PL

intensity versus excitation-power density (b) Form | and (d) Form Il.

the two curves at low wavelengths. This can be attributed to
the dissolution state of the material in the solvent and the
element concentration of the solid region interacting with light.
The absorption band edge (Epy,.,.) values of the form | in CH;CN
and solid-phase were obtained from the first derivation (dT/d)\)
vs. wavelength (A) as seen in Figure 11b. The E,, .. values of
the form | in CH;CN and solid-phase were found as 2.584 and
2.570 eV, respectively. Although these values are close to each
other, they show that the form I is promising for optoelectronic
applications.

Similarly, the transmittance spectra of the form Il in EtOH
and solid-phase are shown in Figure 11c. As seen in Figure 11c,
the curves of the form Il also differ like the form I. Also, the
significant differences between solid and solution measure-
ments apply to the form Il. On the other hand, the absorption
band edge values of the form Il in EtOH and solid-phase were
obtained from the dT/d\ vs. A as seen in Figure 11d. The E,pq4.
values of the form Il in EtOH and solid-phase were found as
2.579 and 2.557 eV, respectively.

Optical band gap (E,) is an indispensable parameter in the
field of optoelectronics. We obtained the optical band gaps of
the form | and form Il using Tauc relation.”” First, we
investigated the suitability of the form | and form Il material in
optoelectronic applications. From the curves drawn, it was seen
that the optical transition type of both materials was directly
allowed band pass. This shows that the form I and form Il are
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very suitable for use in optoelectronic fields. For this, we first
plotted the (ahv)? (a is absorption coefficient and hv is photon
energy) plots vs E of the Form | in CH;CN and solid-phase and
of the Form Il in EtOH and solid-phase as seen in Figure 12
(a,b), respectively. The direct optical band gaps of the form | in
CH,CN and solid-phase were found as 2.685 and 2.554 eV,
respectively (see Figure 10a). On the other hand, the direct
optical band gaps of the form Il in EtOH and solid-phase were
found as 2.580 and 2.534 eV, respectively (see Figure 12b).
These results show that the optical band gaps of the form | and
form Il are in the band gap of semiconductors.

Another critical parameter for the optoelectronic field is the
refractive index (n). The refractive indices of the form I and form
I material were calculated from various relations such as Moss,
Ravindra, Herve-Vandamme, Reddy and Kumar-Singh.”® The
refractive indices obtained are as shown in Figure 13 (a, b). The
refractive indices of form I and form Il material are of different
values for different relations. The average refractive index of
both materials is around 2.5. This value is at a very good level
for optoelectonic applications.

Theoretical Results

To obtain more information about the molecular frontier
orbitals energy levels, energy band gap (Epang 42p) and intra-
molecular charge transfer properties of the polymorphic
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structures, Density Functional Theory (DFT) and Time Depend-
ent Density Functional Theory (TDDFT) were applied in the gas
phase with complete geometry optimization at the ground-
state structures through CAM-B3LYP/6-31G(d,p) level. The most
favourable optimized structures of the molecules which are
good aggrement with single crystal XRD view are given in the
Figure S4.

Thanks to frontier molecular orbitals, the chemical reactivity
and kinetic stability of the molecules could be understant in
detail. Chemical interactions between the adjacent molecules
in the aggregate state can be determined through frontier
orbitals (FMOs), as well. Most chemical reactions occur by
giving or receiving electrons, thus HOMOs and LUMOs have

-0.82 ev
-0.85ev

-0.95ev

S -l2ey,

&

FormlI

. Eg = 6.03 eV]

direct effect on molecular structures. It is worth mentioning
that intramolecular charge transfer (ICT) which is responsible
for aggregation induced enhanced emission (AIEE) mechanism
in solid phase can be improved by attaching electron donors
and acceptors groups to the compound. In the D-m-A
molecules, the polarization which is related to molecular dipole
moment of the molecule occurs in the m-electrons of the
molecule skeleton since the electron acceptor group withdraws
electronic charge from the donor through the conjugated
structure. Interaction between donor acceptor groups called
intramolecular charge transfer (ICT) forms low energy molecular
orbital. The selected frontier orbtal distributions of the
polymorphic forms are depicted in Figure 14 and 15. HOMO,

4

LUMO+1
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Figure 14. Energy levels for selected occupied and unoccupied molecular orbitals of form | obtained by DFT calculations using CAM-B3LYP-631G (d,p) basis

set..
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LUMO, HOMO + 1, HOMO + 2, HOMO + 3, LUMO-1, LUMO-2 and
LUMO-3 molecular orbitals were influenced by structural poly-
morphism. Therefore, the discrepancy between the frontier
orbitals between of polymorpic forms arises from the different
molecular and single crystal structure.

HOMO and HOMO-1 orbital of form | were delocalized over
the donor and acceptor moieties (OCH3, CN) of the molecule
while they were distributed over the methoxyphenyl rings of
the form Il as the electron-donating character of substituents
increases. For the form I, LUMO orbital was localized over the
donor and acceptor sides of the molecule whereas LUMO + 1
orbital distribution decreased in the chlorophenyl ring as as the
electron-donating propensity increases. For the form Il, LUMO
and LUMO + 1 orbitals mainly located electron acceptor groups.
Both forms displayed a major charge-transfer transition from a
methoxyphenyl delocalized HOMO and HOMO-1 to a chlor-
phenyl and cyano moities delocalized LUMO and LUMO+1,
respectively, due to efficient HOMO/LUMO overlap and the
strong electron-withdrawing ability of the CN unit. Therefore, in
the both forms, intramolecular charge transport which plays
important role in the aggregation induced enhanced emission
(AIEE) mechanism is mainly controlled by the electronic
transitions from HOMOs to LUMOs. Since mt stacking interac-
tions of the form I and form Il obtained from single crystal x-ray
crystallography data include efficient HOMOs- LUMOs overlap
which increases electron attraction process with the H and J &t
stacking modes, respectively, the solid phase fluorescence
intensity of the both forms is considerable high compared to
the that of solution phase.
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Conclusion

In summary, two polymorphs of a (E)-2-(3-chlorophenyl)-3-(4-
methoxyphenyl)acrylonitrile molecule has been investigated to
analyze the photophysical behavior in solid and solution state
through single crystal x-ray crystallography, photophysical
studies and theoretical calculations. Single Crystal X-ray
Crystallography investigations revealed that the molecular
arrangement and molecular conformation in the polymorphs
are substantially different. Therefore, solid state fluorescence
behavior of the polymorphs was observed to be dependent on
the morphology forms. Intermolecular interactions including
stacking interactions, nonclassical hydrogen bonding and C
interactions in the crystal phase of the polymorphs cause to
different emission behavior in solid phase with one emitting in
the cyan blue region while the other emits in the green. In
addition, both form of the molecule displayed aggregation
induced enhanced emission (AIEE) process in the solid phase
due to the restricted intramolecular rotation (RIR) and favour-
able stacking interactions and intramolecular charge transfer
(ICT) process. However, form Il demonstrated more fluorescence
emission increase than form [ in solid phase compared to that
of solution phase (nearly 2.72 times for form | and 35.7 times
for form Il). The main reason of fluorescence intensity difference
between the two forms is short interactions, twisting structure
and J type stacking mode of form Il which gives high
fluorescence emission in solid phase since the charge pathway
channels and electronic coupling were created along the C—Cl
direction which result in parallel displaced (J type stacking
mode) in the packing arrangement of the form Il. Therefore,
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since the phenyl rings of the form Il have steric hindrance,
undesirable face to to face - - -7 stacking interactions (parallel
H type stacking mode) were prevented that this would
inevitably have detrimental effect for the fluorescence effi-
ciency. In the form I, due to the perfect planarity, strong
restricted intramolecular rotation via nonclassical intramolecu-
lar hydrogen bonds, the antiparallel H type stacking mode
enables to enhanced fluorescence intensity in aggregate phase.
As a result, J type and antiparallel H type stacking mode with
the restricted intramolecular rotation make the crystals higly
emissive in solid phase. Thus, our study verifies the importance
of the molecular conformation, molecular arrrangement cre-
ated by the stacking interactions in aggregated state, stacking
interactions type and takes a great attention for the develop-
ment of new acrylonitrile derivative through the polymor-
phism.

Deposition Number(s) 2081145 (forform 1), 2081146
(for form 2) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service www.ccdc.ca-
m.ac.uk/structures.

Supporting Information Summary

Synthesis and characterization details of form | and form Il are
given in supporting information.
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